Travel times and amplitudes of long-period SH, ScSH, sSH, and sScSH phases from several deep focus earthquakes in the northwest Pacific are analyzed for evidence of lithospheric slab penetration into the lower manfie. Inclusion of amplitude observations in the analysis provides constraints on lateral velocity gradients present in the deep slabs which are not resolvable using travel times alone. Travel time and amplitude residual spheres are presented for two deep focus events with good azimuthal coverage, but while interesting patterns are present, quantitative analysis is precluded by the lack of accurate methods for calculating synthetic longperiod seismograms for the. e-dimensional slab models. Therefore, we focus our analysis on a two-dimensional approximation to the downdip geometry of the Kurile and Japan slabs, which allows comparison of a much larger data set with accurate two-dimensional synthetics, as well as the use of sS and sScS travel time and amplitude patterns as empirical corrections for deep mantle stmcture. While the limited azimuth range required for this approximation reduces the diagnostic capability of the data, it also increases our confidence that the corrected data are most sensitive to the near-source region. The sS and sScS observations indicate that the downdip shear wave travel time pattern previously attributed to a deep slab extension is primarily caused by broad-scale lower man fie heterogeneity. Once corrected for-this stmcture, the S wave observations do not support a simple, undefonned slab steepening in dip and penetrating deep into the lower manfie beneath the Kufile and Japan Islands, as proposed by Jordan (1977) and Creager and Jordan (1984, 1986). Rather, the observations support shorter and/or broader slab models than those previously hypothesized: models which can probably be reconciled with P wave data. Further analysis of the complete three-dimensional patterns will be required for more precise resolution of the penetration depths of these slabs, if, indeed, any deep slab heterogeneity is actually seismically detectable.
INTRODUCTION
Determination of the structure and dynamics of subducting lithosphere is one of the foremost problems in Earth science. Isacks et al. [ 1968] first hypothesized that Wadati-Benioff zone earthquakes delineate cold lithospheric "slabs" that are sinking into the mantle at subduction zones. The magnitude of the thermally induced high seismic velocity anomalies associated with these slabs, the depth to which they penetrate, and the degree of deformation that they undergo en route, can potentially be determined by seismological analysis and used to place strong constraints on the nature of the upper mantleflower mantle boundary and the style of convection present in the Earth's mantle. While some progress has been made in determining the properties of subducted lithosphere, proposed models of slab structure remain highly controversial, and thus the dynamic interpretations remain unresolved. near-source and/or deep mantle velocity 'anomalies. The latter studies assert that travel time residuals appropriately corrected for 'these anomalies cannot resolve or do not require lithospheric penetration into the lower mantle. This debate hinges on our knowledge of lower and upper mantle structure, which is very imprecise. Only when there is a much better understanding of the heterogeneous structure of the mantle as a whole will the complex residual sphere patterns be unambiguously explained.
In an alternate approach to this problem, several workers have directly inverted P and S wave travel time residuals from large sets of earthquakes for the velocity structure around and beneath orientation (beneath Japan) or spread outward at or near the 670-km discontinuity (beneath. the Kuriles). Kamiya et al. [1988, 1989] conclude that the Japan Slab steepens and penetrates into the lower mantle with a geometry similar to that preferred by Creager and Jordan [ 1986] Vidale [1987] demonstrates that slab,like velocity anomalies can defocus and severely distort synthetic waveforms with trajectories down the dip of the slab, and Cormier and K/m [1990] show that similar effects can be expected for ray paths within or at low angles to the slab, particularly along strike or obliquely downdip. Suetsugu [1989] analyzes short-period P wave travel time and amplitude observations from deep Kurile events and concludes that they are most consistent with a highvelocity slab penetrating below the 670-km discontinuity. In contrast, Weber [1990] compares amplitude (rob) observations from the ISC catalogue with synthetic amplitude predictions and concludes that the same Kurile slab does not penetrate beyond the 670-km discontinuity. Silver and Chan [1986] present complex waveforms recorded along the strike of the Kurile slab that they interpret to be due to multipathing along a lower mantle extension of the slab, although the multipathing interpretation has been questioned [Corntier, 1989; Corntier and Kint, 1990 ]. Beck and Lay [ 1986] analyze a similar, but more extensive, suite of data and conclude that the complexity observed by Silver and Chan [ 1986] is part of a broader pattern that may involve a deep slab extension but requires deep mantle heterogeneity as well.
In this paper, we attempt to constrain the deep structure of subducted slabs by joinfly analyzing the travel time and amplitude behavior of a variety of horizontally polarized shear wave (SH) phases emanating from deep-focus earthquakes. Our primary sensitivity to deep slab structure is in the systematic behavior of S phases with respect to the slab. As mentioned above, Grand Given that existing lower mantle shear velocity heterogeneity models are of very low resolution, we use the upgoing ray paths, sS and sScS, to empirically correct for the deep mantle contribution to downgoing S and ScS paths. With these corrections, the resulting downgoing h7avel time residuals provide constraints on the velocity anomaly present immediately beneath the deep earthquakes, while the amplitude observations provide constraints on the deep velocity gradients. In this paper we primarily seek to understand the joint travel time and amplitude behavior of the seismic wave field in the downdip direction of the slab structure, making use of synthetic waveforms generated for this approximately two-dimensional geometry using the hybrid finite difference-Kirchhoff algorithm of Stead and Helmberger [1988] . We do not attempt to determine a single preferred structure for the Kurile and Japan slabs but instead evaluate the suite of slab models proposed by Creager and Jordan [1984, 1986] dense station coverage at epicentral distances from 35 ø to 90 ø (thereby avoiding complexity in the waveforms due to upper mantle triplications or core diffraction).
Wherever possible, the long-period SH waveforms are analyzed over a time window that includes the phases S, ScS, sS, and sScS. We choose this suite of phases for a number of reasons. While the long-period waveforms are less sensitive than short-period energy to the narrow slab structures in which we are interested [Weber, 1990] , they are also less vulnerable to rapid variations in attenuation and receiver structure known to complicate shortperiod amplitude observations [e.g., Butler and Ruff, 1980] . SH signals have relatively simple propagation effects away from the heterogeneous source region, including strong surface and core reflections and minimal receiver interactions, which facilitates the measurement of arrival times and amplitudes. Inclusion of the surface and core reflections ensures that the near-source region is sampled at a wide .range of takeoff angles, which is critical for constraining the structure beneath the source.
For each arrival with sufficient signal-to-noise ratio, we measure a baseline-to-peak amplitude .and a first-break arrival time, the latter having a conservative estimate of +0.5 s relative accuracy. Travel time residuals are calculated using the predicted times for the ISC event location and origin time and the equivalent isotropic PREM 1-s shear velocity structure [Dziewonski and Anderson, 1981] ; negative residuals correspond to early arrivals. Azimuth-independent S wave station corrections of Toy [1989] and Wickens and Buchbinder [1980] were applied. As discussed below, events are not relocated, as we ultimately restrict our attention to only a limited portion of the residual sphere. Amplitudes are equalized to an isotropic source by correcting for geometric spreading (calculated for the PREM model), the PREM attenuation structure, and double-couple focal mechanisms determined using the methodology described below. Amplitude station corrections are also calculated (as described below) and applied to the observations. The corrected travel time residuals and the logarithm (base 10) of the corrected amplitudes comprise the data set for the analysis.
Focal Mechanism Determination
To optimize the radiation pattern corrections, we employ a damped iterative least squares inversion technique to find the double-couple focal mechanism most consistent with the longperiod S wave energy. SH and ScSH amplitude observations (corrected for attenuation and geometric spreading) are combined with SH/SV amplitude ratios and iteratively inverted for perturbations to the strike, dip, and rake of published P wave first motion or other starting mechanisms. Inversions resulting in a deviation from the initial mechanism of greater than 10 ø in any of the fault parameters are considered unstable, and the initial mechanism was retained. This only occurs for a few relatively sparsely recorded events. For a few well-sampled events, one of the three fault parameters is tightly constrained by polarity reversals, so that parameter is held fixed while the remaining parameters are determined. Our f'mal double-couple mechanisms are included in Table 1 .
As an example, Figure 3a depicts the lower hemisphere projection of the final solution for event 7, which had an initial mechanism with strike = 9 ø, dip = 74 ø, and rake = -85 ø [Strelitz, 1975] , and a f'mal mechanism of strike = 3 ø, dip = 72 ø, and rake = -90 •. The corresponding reduction in variance of the amplitudes is 17%. For all 25 events, all of the observed S, ScS, sS, and sScS polarities are in agreement with the final mechanisms, justifying the use of double couple rather than more general moment tensor representations of these deep sources. We avoid using observations near radiation nodes since these have large correction factors.
Station Corrections
Prior to examining travel time and amplitude observations for near-source structure, effects of near-station crustal and upper mantle structure must be removed. Although station statics for S wave travel times have been calculated and interpreted by many researchers [e.g., Sengupta, 1975; Wickens and Buchbinder, 1980; Romanowicz and Cara, 1980; Toy, 1989 ], S wave amplitude statics have not been extensively studied for global data sets. Therefore, we apply a least squares inversion procedure to empirically determine the station statics for our amplitude data. In this procedure, for each of the 25 events, the S, ScS, sS, and sScS subsets (each corrected for Q, geometric spreading, and radiation pattern) are each considered as a separate "pseudoevent"; that is, the different phases for the 25 events give a total of 87 "pseudoevents" (some events lack sS and/or sScS observations). Event amplification factors are then calculated and removed from each pseudoevent using a least squares inversion that minimizes the scatter in the relative amplitude observations at each station. An obvious hazard in empirically determining the station statics from this data set is the possibility of mapping systematic nearsource structure to the receivers due to the similarity of the source locations within a group of westward dipping subducting slabs. We have attempted to minimize this by including sources from a variety of subduction zones with varying strike and dip (see Figure 2 ). In addition, by including observations spanning the full range of takeoff angles covered by S, ScS, sS, and sScS, we have ensured that a large subset of the data samples the near-source region at large angles to the strike and dip of the subducting slabs, and the greatest consistency in the amplitude anomalies should be due to the portions of the paths common to all phases, i.e., the near-station crust and upper manfie. To establish the influence of any azimuthal stations terms affecting our data, we also calculated travel time station statics from our data set in a manner identical to the procedure described above for the amplitude anomalies (Figure 3d ). The empirically calculated residuals appear to be stronger (i.e., larger absolute value) than Toy's and Wickens and Buchbinder's, perhaps due to the lack of averaging over a variety of source locations. Overall, however, the correlation is reasonably high, with a linear correlation coefficient of 0.61, and the signal from the upper mantle structural variation across North America is again obvious, with the region beneath the western United States being slower than that beneath the eastern United States and Canada. The largest discrepancy between the azimuthally averaged residuals and ours appears to be at stations in the eastern United States and Canada, where our residuals are faster than the averaged values. This is consistent with the fact that South American sources give late arrivals for these stations [Lay, 1983] , resulting in slower azimuthally averaged values relative to statics calculated for sources in the northwest Pacific. It is enticing to interpret our faster station residuals as due to long paths in a fast, deep root beneath cratonic North America [e.g., Grand, 1987] and therefore appropriate for correcting northwest Pacific-to-North America paths for receiver mantle structure. These paths roughly coincide with the strikes of the slabs being investigated, however, and we are concerned that all four phases (S, ScS, sS, and sScS) used to determine the station residuals may contain substantial nearsource signal due to this geometry. Correction for these residuals could remove evidence of the near-source structure in which we are investigating, and we therefore take a conservative approach and use the published azimuthally averaged statics for our corrections. Schwartz et al. [1991] explore the observations in North America in greater detail. Note that our station residuals are very similar to Toy's at downdip azimuths where most of our analysis takes place, so the choice of station corrections does not critically influence our results.
RESIDUAL SPHERE ANALYSIS
The corrected travel time and amplitude observations can now be analyzed for patterns attributable to near-source and deep mantle structure. The residual sphere methodology allows for examination of both azimuthal and ray parameter patterns in the travel time and amplitude residuals. Note, however, that we have not attempted to remove bias in the travel time residuals due to potential source mislocation. While Creager and Jordan [1984, 1986 ] discuss the necessity of relocating the events used to analyze the P wave residual spheres, Jordan [ 1977] points out that any significant bias due to epicentral mislocation should be apparent on the residual sphere as a systematic variation in residual with the cosine of the azimuth (i.e., with a degree 1 pattern). In all well-sampled travel time residual spheres presented here, no such variation is observed. Errors in source depth primarily cause ray parameter-dependent trends; for example, if steeper rays are systematically relatively fast (as they consistently are in the data presented below), the source depth may be underestimated. A vertically dipping fast slab may produce a similar ray parameter trend (accompanied by a degree 2 pattern), and thus this trend taken alone is fundamentally ambiguous. In every case that we observe a strong ray parameter trend in the downgoing phases, however, we observe a similar trend in the upgoing surface-reflected data that is opposite to that expected due to underestimation of the source depth. Thus, any attempt to eliminate the ray parameter trend in the downgoing data by shifting the source to a deeper depth will only enhance the upgoing trend, and vice versa. The balanced behavior between the upgoing and downgoing trends argues strongly against a significant depth mislocation in either direction. In addition, depth errors of over 80 km are required to account for the 2-3 s ray parameter trends observed in both the upgoing and downgoing data, which is much larger than the depth shifts found by relocating P waves. We conclude that an error in source depth is not responsible for the ray parameter trend, and any mislocation error that is present leads to travel time errors that are very small relative to our observed ray parameter trends, typically well under 0.5 s. While, in general, quantitatively relocating well-sampled events to remove systematic bias is not a difficult problem, such a procedure is unstable for uneven or sparse coverage of the focal sphere. Since most of our events have restricted or unbalanced azimuthal station distribution, we forego the relocation procedure and proceed with the requirement that azimuthal and ray parameter variations be interpreted cautiously. [1984] show that source relocation has a very minor effect on the S wave residual sphere for litis event, due to the lack of a degree 1 pattern (see Figure 1 ). Both travel time projections can also be compared with P wave residual spheres for these events determined by Jordan [1984, 1986] . The travel time patterns are dominated by the early arrival times at azimuths northeast and southwest fTom the source, which is along the slab strike direction (marked by arrows in Figure 4) . Jordan [ 1977] shows that a highvelocity slab extending vertically beneath the event(s) can explain much of the pattern. In addition, the northwest quadrants of the travel time residual spheres are dominated by a strong trend with takeoff angle, with the S observations (outer band of observations on the figures) being 2-3 s dower than the ScS observations to the same stations. This is also consistent with the observations of Jordan [1977] for event 8, and can be explained by the same vertically extending high-velocity slab. The agreement between our travel time residuals and those determined from short-period data is encouraging, for it indicates that the decreased tinge resolution for long-period waveforms is offset by the stability of the waveforms, allowing for compensating consistency in the travel time picks. The right side of Figure 4 shows the log(amplitude) residual spheres for events 7 and 8. Note that several stations for which travel times are measured are not included in the amplitude sphere. This is because proximity to the nodal planes make their corrected amplitudes unreliable. These are the first long-period S wave amplitude residual spheres of which we are aware, and potentially these can be used to place new constraints on slab structure. A major obstacle to quantitatively analyzing amplitude variations for complex three-dimensional structures is the difficulty of calculating reliable synthetic seismograms for such structures. Accurate numerical procedures (e.g., the finite difference method used here) can be used for two-dimensional structures, but three-dimensional techniques are still under development [Cormier, 1989; Witte, 1989 ]. Cormier and Kim [1990] have used simple geometric optics to compute travel time and amplitude patterns for several three-dimensional slab models, which can be used as a qualitative guide for slab effects. The geometric amplitude calculations are dominated by slowly varying paRems with m'mimum amplitudes at azimuths obliquely down the dip of the slab structure. This feature correlates well with early arrival times in the synthetic travel time patterns [Cormier and Kim, 1990] and is therefore consistent with defoeusing by the high-velocity slab structure. At shorter spatial scales, the amplitude patterns show rapid variations, with regions of focusing near the strike of the slab, caused by caustics and multipathing along the gradients at the top and bottom of the structure. Silver and Chan [ 1986] suggested that such effects cause the waveform anomalies that they observe along the strike of the Kurile slab. These small-scale paRems are not well correlated with the travel time anomalies [Cormier and Kim, 1990] . The complexity of the amplitude patterns makes it extremely difficult to assess the amplitude residual spheres for coherent structure. In addition, Cormier and Kim [ 1990] show that while slowly varying paRems are robust, the rapid amplitude fluctuations near caustics are highly sensitive not only to the velocity gradients in the slab but also to the precise lateral location of the source within the slab. This increase in the number of model parameters makes it difficult to model observations from an imperfectly known location.
We can make the qualitative assessment that the observed amplitude patterns (Figure 4) are not dominated by the degree 2 azimuthal trend that is present in the travel times and that there is greater variability between events. There does appear to be a region of consistently low-amplitude arrivals in the north, weakly correlated with the early arrivals in this direction. This may be consistent with defocusing, but the pattern is not mirrored in the south as it is in the travel times. These two events are located at the northeastern end of the Kurile slab, so any slab signature to the south should be as strong or stronger than the pattern to the north, as has been suggested on the basis of travel times [Jordan, 1977; Creager and Jordan, 1984] . There is a suggestion of a ray parameter trend apparent in the northwest quadrant of the spheres that we will analyze in depth in the next section. In general, however, the scatter in the data makes it difficult to assess the long-wavelength characteristics of the amplitude spheres.
Complete discussion of the full residual spheres for many other events will be presented in a future paper. We will concentrate here on a limited portion of the residual spheres that presently can be quantitatively modeled with reliable techniques. Weber [1990] , which are appropriate for this downdip geometry, predict very similar patterns. This is, of course, partly the result of the very smooth slab structures that have been investigated, and more complex structures may produce less regular amplitude patterns. Unlike the along-strike azimuthal patterns, the amplitudes in this portion of the residual sphere appear to be fairly stable for variations in the lateral source location within the subducting slab (for long-period energy), allowing us to investigate structural aspects of the slab, such as strength of the anomaly, the velocity gradients present, and the depth of slab penetration.
Constraining our present study to the near slab-dip azimuth range simplifies our data processing, as bias in the travel time residuals due to epicentral location error should be relatively constant over the data subset and thus may be ignored. Large depth errors are required to cause significant trends with takeoff angle. For example, a 20-km depth error gives rise to only an average $c$-S anomaly of less than 0.5 s at these distances, and as discussed above, we believe that the potential errors in the depths The data in Figure 5 indicate the correspondence of relatively early ScS and sScS phases a t a common station. The simplest interpretation for the similarity between the two trends is that some portion of it is due to the common paths shared by S and sS and by ScS and sScS in the deep and near-receiver mantle (see Figure 6 ).
Slab Models
With these preliminary observations in mind, we now consider a suite of slab models (Figure 8 ) for which we calculate synthetic seismograms in the two-dimensional downdip geometry. These models provide travel time and amplitude calculations which we can compare with our observations. Figures 8a-8c Japan slab models. Contours represent percentage variation, ranging from 0% to 10% at 2% intervals for the long, thin and fat models and from 0% to 20% at 2% intervals for the short models. efficiently than the thinner slab models, while the integrated travel time anomaly remains approximately the same, and therefore amplitude observations may be more diagnostic of slab thickness than travel times for simple slab geometries.
The third type of model that we explore is shown in Figure 8c . Given the possibility that we may be able to explain much of the txavel time patterns with deep and near-receiver mantle structure, we explore models which terminate near the 670-kin discontinuity, referred to as the "short'-' slab models. Presumably the slab would deflect horizontally near 670 km depth if it cannot p•neixate into the lower mantle, but our ray paths cannot resolve such structure. Even if we cannot explain the travel time anoma!ies by deep manfie or receiver effects, the short slab model m.ay be relevant. Anderson [1987a] has argued that anisotropy or isobaric phase changes within the cold slab structure may substantially increase the slab's velocity anomaly beyond that produced by the thermal anomaly alone, and therefore a short, very fast slab may be appropriate. In our short models, the strength of the anomaly is set at twice that of the deep penetrating slabs, so that the azimuthal travel time [Fitch, 1975] . In addi.tion, even assuming that the strength of the P wave anomaly is well determined, Vidale [1987] argues that the appropriate lower mantle anomaly for S waves is approximately twice as strong as that for P waves, based on comparisons of lateral velocity variations in the lower mantle [Anderson, 1987b] that indicate •}lnVff•lnVt, > 2; recent thermodynamic calculations [Agnon and Bukowinski, 1990] This is a major benefit O f using 10ng-period data for this study, as Weber [1990] has demonstrated that short-period amplitude calculations for simple slab models are highly dependent on the precise location of the source within the slab, thereby adding a poorly constrained model parameter to analyses using short-period data.
As mentioned above, the short models analyzed here have a peak velocity anomaly of 20%. Due to the rapid termination of these slab models beneath the deep focus sources, even this extreme anomaly produces very limited amplitude and n'avel time variation with takeoff angle, and numerical tests indicate that the differential patterns are similar for weaker slabs. Therefore, the choice of such a strong velocity anomaly will not significantly bias our results for these models.
Finally, we note that event 7, which has an ISC focal depth of 560 km, is compared to synthetics calculated for a source depth of 515 km. Synthetics calculated for a source depth of 560 km show essentially no differences in relative an•plitude or'travel time variation with takeoff angle relative to the 515-km synthetics, so for simplicity the latter calculations are used. Likewise, observations for event 14 (source depth of 402 km) are compared to synthetics calculated for a 380 km source depth. As depicted in Figure 6 , the S and ScS observations at a given station have similar paths in the receiver mantle and crust, which may result in a common shift in the travel time or amplitude residuals of the two phases. The same is true for the sS and sScS observations. This common shift can be corrected for by removing the mean of the two upgoing or downgoing observations at each station. This preserves any takeoff angle trends in the data while reducing the variation due to heterogeneity that effects both S and ScS, or sS and sScS, recorded at a given station. This procedure is essentially a variant on differential time analysis, which has been used in many studies to isolate lower mantle structure [e.g., Jordan and Lynn, 1974; Lay, 1983] . In addition, we can stack observations from sources with similar depths. Figure 11 shows the travel time residuals for the four deep Kurile events. In Figure 1 la, the demeaned pairs of sS and sScS observations are plotted against ray parameter. Parameterization by ray parameter inherently accounts for variation in focal depth of the four events, allowing us to stack all of the sS and sScS observations to obtain a single trend. It is clear from the common slopes of the sS to sScS tie lines that much of the scatter apparent in the upgoing travel time residuals in Figure 9 is due to common path variations, and the data now display a very strong trend. The coherence of the trend over the four events is striking, and it is clear that all of the sScS travel times in the downdip direction are fast relative to the sS travel times to the same,station. Similarly, the ScS to S behavior displays a clear trend (Figure 1 lb) , and it appears quite similar to the sScS to sS trend. The linear correlation coefficient between the station demeaned sS and S observations, and sScS and ScS, has improved from 0.23 prior to demeaning to 0.80 after demeaning. The simplest interpretation of this trend is that it is a result of a laterally extensive region of high velocity near the core-mantle boundary or a region of anomalously slow velocity in the middle-lower mantle. In fact, Tanimoto [1990] found that the long wavelength velocity structure just above the core-mantle boundary beneath Eurasia is fast relative to PREM, and a laterally discontinuous high-velocity layer in D" has been proposed for this region [Lay and 
Travel Time and Amplitude Observations
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upgoing observations could be responsible for the sS to sScS trend. Figure 12 is a map of the Sea of Okhotsk with the sS and sScS travel time residuals for the four Kurile events plotted at their surface bounce points. It is clear that the observations do not span an ocean-to-continent transition or any other major structural feature. In addition, the close proximity of the sS and sScS bounce points (often within 200 km distance) and the spatial distribution of the four events would require extremely strong gradients or anisotropy with a complex, contorted geometry in the upper manfie to explain the rapid variation from sS to sScS. When this required complexity is contrasted with the simplicity of a laterally extensive anomalous velocity region in the lower mantle, and when the high correlation between the upgoing and downgoing travel time residuals is considered, it is apparent that the deep manfie is the most reasonable interpretation of the travel time anomaly. We will therefore apply the sS and sScS observations as an empirical correction for the deep manfie structure. (Figure 11e ), somewhat stronger than that observed for the deeper events (mean offset of 1.4 s total). These results have profound implications for the proposed models of deep slab structure. The fact that the sS to sScS travel time residual variation is larger than that observed for the S and ScS paths indicates that the deep mantle structure thoroughly masks the travel time signature of the slab structure and was entirely responsible for the S to ScS gradient that can otherwise be explained by slab models that steepen in dip at 500 km depth. Once this deep mantle signature is removed, the resulting travel time residuals of the 380 to 402-km-deep events have patterns that would be expected for a slab with the known dip of the Wadati-Benioff zone in this region. Farther down the slab by approximately 150 km, the deeper events show a similar trend with takeoff angle, and the magnitude of the trend is reduced by 33%. This is clearly incompatible with the strong trend predicted in Figure 9a for the long, thin slab model, which calls for much more negative ScS residuals (relatively) than S residuals. We will compare the resultant trends to the other slab models after we have presented the amplitude observations. Because of the sparse station distribution for the Japan slab events, the $-$c$ pairing operation leaves too little data for detailed analysis. Therefore, we must rely on the patterns present in the residual rose diagrams (Figure 10 ) for our interpretation of deep Japan slab structure.
INTERPRETATION
By comparing the coupled travel time and amplitude behavior observed for the deep Kurile and Japan events with predictions for the suite of models presented in Figure 8 , we will place constraints on the velocity structure beneath these events. Figure 14 presents the synthetic amplitude and travel time residuals for the three basic geometries hypothesized for the Kurile slab. As discussed previously, these residuals are demeaned; that is, they include only relative variations, so they can be directly compared to the downdip data residuals. 
Travel Time Comparison
Amplitude Comparison
The amplitude calculations in Figure 14c indicate that a 380-km-deep source in the long, thin slab will severely defocus both the S and ScS arrivals, while defocusing caused by the fat and short slabs will be less severe and will preferentially affect the S observations, so the S to ScS differential behavior over the limited range spanned by the data will be greater for these models than for the long, thin slab. Therefore, the uncorrected amplitude observations displayed in Figure 13c Finally, the amplitude calculations for the 515-km-deep source are presented in Figure 14d . The calculations for the long, thin slab predict S amplitudes 40% larger than ScS, while the fat and short slabs predict S amplitudes 23% and 15% smaller than ScS, respectively. The defocusing of S relative to ScS in the fat and short slab models is not well correlated with the travel time calculations and seems to be controlled by the fact that the S energy encounters the strong lateral velocity gradients at the top edge of the slab, while the ScS energy exits the slab without encountering these strong gradients. While the strength of the S defocusing may be somewhat dependent upon our parameterization of the model structure, the relative lack of ScS defocusing is qualitatively robust. The amplitude observations without deep mantle corrections (Figure 13b ) are characterized by ScS being 15% small relative to S. This falls between our predictions and favors a deep slab structure, but one wider or shorter than the long, thin model. The fat slab appears to be too broad, however, and the short slab too short. If the deep mantle corrections are applied to the amplitude observations (Figure 13d Therefore, if we rely primarily on the deep-mantle-corrected travel times, supported by the uncorrected amplitudes from the deepest events, we conclude that the S wave observations fxom the four deep Kurile events are inconsistent with a thin slab penetrating to great depths in the lower mantle, as proposed by Jordan [ 1977] . We cannot resolve between a short, thin slab and a longer, fat one, although the amplitude observations from events 7 and 8 do not strongly support a slab that has been thickened by a factor of 3, as modeled here. The travel times do not require a change in dip near 550 km, as proposed by Jordan [1977] , but the amplitudes do show a small amount (15%) of systematic defocusing that is consistent with a slightly steeper dip, although this defocusing is not well predicted by any of the models examined here. The lack of evidence of a change in dip is also reported by Suetsugu [1989] , who combines travel time tomography with forward modeling of amplitudes to argue for penetration of the Kurile slab straight into the lower mantle. Due to the small number of models that could be evaluated here, these conclusions should not be viewed as inconsistent, pending further exploration of slab geometries that will satisfy these observations.
Interpretation of Japan Data
The travel time and amplitude residual variations calculated for two source depths in the Japan slab models are presented in Figure JAPAN 15. As discussed above, the limited data in the correct distance and azimuth range from these events makes it difficult to identify diagnostic trends; in particular, we must rely on the data as presented in Figure 10 , due to the lack of ScS data needed for analyzing the S-ScS differential time patterns. We can use the predictions for the various slab models to draw some general conclusions regarding acceptable Japan slab sumctures given the limited data. First, note that the amplitude observations for event 6 (see Figure 10) show a strong trend, with the S phases with the largest takeoff angles having low amplitudes. This is consistent with defocusing in the shallow dipping slab beneath the (400 km deep) source in the upper mantle. While it was stated previously that this trend is consistent with a long, thin slab, it is now clear from Figure 15c that this trend is also expected for the other two slab models that we explored. Note that the deep, thin slab predicts strong focusing of the S arrivals near 30' takeoff angle, coinciding with the takeoff angles of several of the arrivals plotted in Figure 10 . These arrivals show no sign of the expected focusing, and we tentatively conclude that a short or fat slab is more consistent with the amplitude data from this event. The scatter in the amplitude data from the two deeper events is too large to allow comparison to the strong trend calculated for the long, thin slab for these events. In addition, the calculated travel time residuals predict very similar behavior over the range of takeoff angles being examined, and therefore are not diagnostic of variation in slab structure, considering the noise level of the data. Finally, an aspect of the data not extensively explored here is the structure of the deep manfie responsible for the strong trend in S to ScS (and sS to sScS) travel time residuals. Previous studies utilizing ScS-S differential times have mapped out a high-velocity zone at midlevels of the lower mantle beneath the Caribbean [Jordan and Lynn, 1974; Lay, 1983; Grand, 1987] , a low-velocity region in the mid-lower mantle beneath Brazil [Lay, 1983] 
CONCLUSIONS
We place further constraints on the deep velocity structure of the Kurile and Japan slabs by analyzing a large data set consisting of S wave travel time and amplitude residuals from deep focus earthquakes. We have empirically evaluated the systematic patterns present in the data due to heterogeneous lower mantle structure and compare the corrected observations with synthetic residuals calculated for models based on the deep slab structures proposed by ½reager and Jordan [1984, 1986] and Fischer et al. [1988] . We find the following- Diffe/-enfiating between a slab that terminates near 670-km and one that broadens and penetrates into the lower mantle is very difficult using data constrained to the downdip direction. However, this analysis, which emphasizes differential behavior between similar phases, eliminates many of the unknown quantities that complicate interpretations of azimuthal patterns in travel times and amplitudes (i.e., location errors, deep mantle structure, rapid station variations). This increases our confidence that we are, in fact, isolating and modeling the near-source structure. Down-dip sampling at a larger range of takeoff angles than that provided by European WWSSN stations would remove much of the ambiguity from the analysis. Alternatively, a dense network providing broadband data with full three-dimensional coverage would allow a more detailed evaluation of slab diffraction waveform effects beyond those manifested in simple travel time and amplitude observations.
